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Abstract
LHCb is one of the four large experiments at the Large Hadron Collider (LHC) at CERN, Geneva, Switzerland and
is dedicated to heavy ﬂavour physics. LHCb searches for New Physics (NP) by performing precision measurements
of CP-violating parameters.
One of the key measurements of LHCb is the extraction of the CP-violating weak phase φs. The Standard Model
(SM) prediction for this parameter is small: φSMs = 2 arg
( VtbV∗ts
VcbV∗cs
)
= −0.0364±0.0016 [1]. Possible deviations from this
SM prediction may be attributed to NP. The parameter φs is measured by performing a time-dependent angular analysis
of B0s → J/ψ φ decays and independently by a time-dependent analysis of B0s → J/ψ π π decays. A simultaneous ﬁt
to both decays yields φs = −0.002 ± 0.083 (stat.) ± 0.027 (syst.). The ﬁtted values of φs and the lifetime diﬀerence
ΔΓs exhibit a phase ambiguity, which is resolved by performing ﬁts in bins of the K+K− invariant mass and looking at
the diﬀerence in ﬁtted strong phases of P-wave and S-wave contributions. Finally, as a ﬁrst step towards controlling
penguin contributions to b → c(cs) transitions such as B0s → J/ψ φ decays, a branching ratio measurement of B0s →
J/ψK
∗0
decays is presented.
In addition to the φs measurement, two other analyses are presented here. Firstly, preliminary results of the LHCb
assl measurement are presented. The second analysis is the measurement of triple product asymmetries in B
0
s → φφ
decays.
The branching ratio measurement of B0s → J/ψK
∗0
decays is extracted from a dataset with an integrated luminosity
of 0.37 fb−1. The results from all other aforementioned analyses are extracted from the full 2011 LHCb data set which
has an integrated luminosity of 1.0 fb−1.
1. Introduction
Transition between the meson ﬂavour eigenstates B0s
and B0s is a process known as mixing. In the neutral B
meson system the time dependence of mixing is gov-
erned by a 2 × 2 complex Hamiltonian matrix [2]
H =
(
M − i2Γ M12 − i2Γ12
M∗12 − i2Γ∗12 M − i2Γ
)
, (1)
where M = (MH + ML)/2, with MH and ML being the
eigenvalues of the mass eigenstates. Their mass diﬀer-
ence Δms = MH − ML determines the B0s mixing fre-
quency. The mass eigenstates have diﬀerent total decay
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widths ΓL and ΓH . The total decay width is deﬁned as
Γs = (ΓL + ΓH)/2. In the Standard Model (SM) the
width diﬀerence ΔΓs = ΓL − ΓH is expected to be size-
able: ΔΓs = 0.087 ± 0.021 ps−1 [3]. The leading order
diagram for B0s mixing is shown in Fig. 1(a).
The quantities Δms and ΔΓs are related to the oﬀ-
diagonal matrix elements of Eq. 1 and the phase φM/Γ =
arg (−M12/Γ12) as
Δms = 2 |M12| ·(
1 − 1
8
|Γ12|2
|M12|2 sin φM/Γ
2 + · · ·
)
(2)
ΔΓs = 2 |Γ12| cos φM/Γ ·(
1 +
1
8
|Γ12|2
|M12|2 sin φM/Γ
2 + · · ·
)
(3)
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Figure 1: The B0s → J/ψ φ decay can occur via a direct decay (a) or
via mixing (b) followed by a direct decay.
assl =
Γ(B0s(t)→ f ) − Γ(B0s(t)→ f )
Γ(B0s(t)→ f ) + Γ(B0s(t)→ f )
=
ΔΓs
Δms
tan φM/Γ , (4)
where f indicates a ﬂavour-speciﬁc ﬁnal state unreach-
able by the instantaneous decay of the B0s meson and
B0s(t) is the state into which a produced B
0
s meson has
evolved after a proper time t.
The phase φM/Γ is tiny in the SM, φM/Γ ≈ 0.2◦ [4],
but can be aﬀected by New Physics (NP) [5, 6]. The D0
collaboration has published evidence for a decay asym-
metry in a mixture of B0 and B0s semileptonic decays of
−0.787 ± 0.172 (stat.) ± 0.093 (syst.) [7]. This asymme-
try is much larger in magnitude than the SM predictions
of 2 × 10−5 for B0s decays and −4 × 10−4 for B0 decays
[6]. Preliminary results of the LHCb assl measurement
will be presented here.
The CP-violating phase φs is related to the interfer-
ence between direct decay amplitudes and amplitudes of
decay after mixing (see Fig. 1). When neglecting pen-
guin contributions, which are expected to be small [8],
the SM prediction for this phase is φSMs = −2βs, where
βs = arg (−VtsV∗tb/VcsV∗cb) is one of the angles in the
b − s unitarity triangle. NP contributions in the box di-
agram could enhance this phase: φs = φSMs → φs =
φSMs + Δφ
NP
s . This means that measuring φs to high pre-
cision is a good probe for NP.
The ﬁrst LHCb measurement of φs [9] was based on
a dataset of 0.37 fb−1. The present analysis is an update
of that result using the full 2011 dataset of 1.0 fb−1.
2. Measurement of φs using B0s → J/ψ φ Decays
The oﬄine event selection in the present analysis is
the same as in [9]. The trigger conditions changed how-
ever to a conﬁguration where the ﬁrst trigger stage does
not bias the decay-time distribution whereas the second
trigger stage does. In order to remove the majority of
the prompt background, only events with decay time
t > 0.3 ps are used. The remaining background in the
sample is of the order of a few percent. A total of 21 200
B0s → J/ψ φ candidates are selected for the ﬁnal analy-
sis.
2.1. Angular Analysis
Since the B0s meson is a spin-0 particle and the ﬁ-
nal state J/ψ φ consists of two vector meson (spin-1)
particles, the ﬁnal state is an admixture of CP-even and
CP-odd states. Therefore the analysis can be performed
in terms of three transversity amplitudes A0, A‖ (both
CP-even) and A⊥ (CP-odd) and their associated phases
δ0, δ‖ and δ⊥. The ﬁnal state can also include K+K−
pairs with zero relative orbital angular momentum. This
so-called S-wave component is CP-odd and is parame-
terized in the analysis by the S-wave fraction fS and its
corresponding phase δS . An angular analysis is used to
statistically disentangle the CP-even and CP-odd com-
ponents, as these have an opposite contribution to the
value of φs. The angular acceptance is obtained from
fully simulated data. Diﬀerences between simulated and
observed kaon momentum spectra are used to derive a
systematic uncertainty on the angular acceptance.
2.2. Flavour Tagging
The main sensitivity to φs comes from information
on the ﬂavour of the produced B0s meson. This ﬂavour
tag is indicated by the tag decision q = ±1, with a per-
event mistag probability w. The analysis presented here
makes use of the opposite-side (OS) taggers only. These
are calibrated [10] using a B+ → J/ψK+ sample (of
which the true ﬂavour is known) as
w = p0 + p1(ηc − 〈ηc〉) . (5)
Here, p0 and p1 are calibration parameters, ηc is the es-
timated mistag probability and 〈ηc〉 is the average esti-
mated mistag probability. In the ﬁnal ﬁt, p0 and p1 are
constrained to ﬂoat within their uncertainty.
The eﬀective tagging power of the B0s → J/ψ φ sam-
ple is deﬁned as
Q = tagD2 = tag(1 − 2w)2 . (6)
For the OS taggers, Q = (2.29 ± 0.27)%.
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2.3. Decay-Time Resolution
To account for the ﬁnite decay-time resolution, all
time-dependent functions are convolved with a Gaus-
sian distribution. The width of this Gaussian is S σt · σt,
where σt is the per-event decay-time resolution, mea-
sured from the decay vertex and decay-length uncer-
tainty. The scale factor S σt is obtained from a double-
Gaussian ﬁt on the decay-time distribution of prompt
J/ψ candidates. This result is then translated to a single
Gaussian with the same eﬀective dilution, resulting in
S σt = 1.45 ± 0.06 and this scale factor is constrained to
ﬂoat within its uncertainty in the ﬁnal ﬁt. The eﬀective
decay-time resolution is approximately 45 fs.
2.4. Decay-Time Acceptance
The decay-time acceptance introduced by the trig-
ger to enrich the fraction of B events in the sample is
obtained from events from a prescaled trigger line, in
which no lifetime-biasing cuts are used. In simulation
studies a shallow fall in acceptance at high decay time
is observed as well, which is attributed to a reduction in
track ﬁnding eﬃciency for tracks originating from dis-
placed vertices far from the beam line. A correction of
0.0112 ± 0.0013 ps−1 on Γs is obtained from these stud-
ies and is accounted for in the ﬁnal results.
2.5. Results
The probability density function (PDF) used in the ﬁt
consists of signal and background components which
include the aforementioned detector resolution and ac-
ceptance eﬀects. The distribution of the signal decay
time and angles is described in [9]. The background de-
cay time distribution is modeled by a sum of two expo-
nential functions. The lifetime parameters and the rela-
tive fractions are determined by the ﬁt. The decay angle
distribution is modeled by using a histogram obtained
from the data in the mB sidebands. The values obtained
from the ﬁt for all physics parameters are given in Ta-
ble 1. The parameter Δms has been constrained in the ﬁt
to ﬂoat within the uncertainties of an independent LHCb
measurement: Δms = 17.63 ± 0.11 ps−1 [11].
The systematic uncertainties quoted in Table 1 ac-
count for uncertainties that are not directly treated in
the maximum likelihood ﬁt. The uncertainty on φs is
dominated by imperfect knowledge of the angular ac-
ceptances and neglecting potential contributions of di-
rect CP violation.
Parameter Value Stat. Syst
Γs [ps−1] 0.6580 0.0054 0.0066
ΔΓs [ps−1] 0.116 0.018 0.006
φs -0.001 0.101 0.027
|A0(0)|2 0.523 0.007 0.024
|A⊥(0)|2 0.246 0.010 0.013
fS 0.022 0.012 0.007
δ‖ [2.81,3.47] 0.13
δ⊥ 2.90 0.36 0.07
δS 2.90 0.36 0.08
Table 1: Fit results for physics parameters in the B0s → J/ψ φ analysis.
3. Resolving the Phase Ambiguity
The PDF is invariant under the transformation
(φs,ΔΓs, δ‖, δ⊥, δS ) → (π − φs,−ΔΓs,−δ‖, π − δ⊥,−δS )
which gives rise to a twofold ambiguity in the results.
This is the reason why for the strong phase δ‖ in Ta-
ble 1 only a symmetric 68% conﬁdence level interval is
given, as its ﬁtted value is close to its degenerate value,
resulting in a non-parabolic likelihood curve.
The phase ambiguity can be solved by performing the
ﬁt of the B0s → J/ψ φ analysis in bins of the K+K− in-
variant mass. It is expected that, since the S-wave am-
plitude will remain roughly constant, δs will increase
slowly as the K+K− invariant mass passes through the
φ(1020) meson, whereas the P-wave strong phase δ⊥ is
expected to rise quickly. Therefore the physical solu-
tion is the one with a falling trend in δS⊥ ≡ δS − δ⊥ as a
function of K+K− invariant mass. Fig. 2 shows that the
physical solution is the one with ΔΓs > 0 [12].
4. Measurement of φs using B0s → J/ψ π π Decays
Similar to B0s → J/ψ φ events, decays of the type
B0s → J/ψ π π are b → c(cs) transitions and therefore
are sensitive to φs . Although the B0s → J/ψ π π branch-
ing ratio is smaller than that for B0s → J/ψ φ , the advan-
tage of measuring φs in B0s → J/ψ π π decays is the fact
the the ﬁnal state is predominantly CP-odd and there-
fore an angular analysis is not needed. In this analysis,
7421 ± 105 signal candidates are selected. The decay-
time resolution is a double-Gaussian with per-event
decay-time resolution and the eﬀective decay-time res-
olution is 40 fs. The eﬀective tagging power Q is found
to be Q = (2.43±0.08±0.26)%. A time-dependent ﬁt to
the data yields a value of φs = −0.019+0.173+0.004−0.174−0.003 [13],
where the values of Γs and ΔΓs are constrained to the
values from the LHCb B0s → J/ψ φ analysis.
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Figure 2: Measured phase diﬀerences δS⊥ between the S-wave strong
phase and the perpendicular P-wave strong phase in four bins of mKK
for the solution with ΔΓs > 0 (circles) and the solution with ΔΓs < 0
(squares). The dotted and solid asymmetric error bars correspond to
diﬀerent conﬁdence levels of the ﬁtted diﬀerence, δS⊥. Figure taken
from [12].
5. Combined Measurement of φs
Combining the LHCb φs measurements using B0s →
J/ψ π π and B0s → J/ψ φ decays yields φs = −0.002 ±
0.083 (stat.) ± 0.027 (syst.). The measurements of the
CDF, D0 and LHCb collaborations are summarized in
Fig. 3. The combined contour is in agreement with the
SM predictions [14].
6. BR Measurement of B0s → J/ψ K∗0
A simultaneous analysis of the decays B0s → J/ψ φ
and B0s → J/ψK∗0 with K∗0 → K−π+ and J/ψ→ μ+μ−,
allows to control penguin eﬀects in B0s → J/ψ φ and
their impact on the extraction of the CP-violating phase
φs [8]. The B0s → J/ψK∗0 branching ratio measure-
ment presented here is an update of an earlier branching
ratio measurement of this decay by LHCb [16] and is
the average of the branching fraction for B0s and B
0
s with
K∗0 and K∗0 in the ﬁnal state, respectively. The B0s →
J/ψK∗0 branching ratio is related to B(B0d → J/ψK∗0)
assuming that the light quark (s, d) is the spectator quark
of the b decay. Using a dataset of 0.37 fb−1, 114 events
are selected and the branching ratio is measured to be
B(B0s → J/ψK∗0) = 4.42+0.46−0.44 (stat.)±0.80 (syst.)×10−5.
7. as
sl
Measurement
The CP-violating asymmetry assl is studied using a
sample of B0s and B
0
s semileptonic (sl) decays. The stud-
ied ﬁnal states are D±s μ∓ with D±s reconstructed in the
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Figure 3: 68% conﬁdence level contours in the (φs,ΔΓs) plane from
the D0 collaboration, the CDF collaboration, the LHCb collaboration
and the combined contour (grey area). The SM prediction is also in-
dicated. Figure taken from [15].
φπ± mode. The D±s μ∓ yields are summed over untagged
B0s and B
0
s initial states and integrated with respect to de-
cay time. Therefore, to ﬁrst order in assl , the measured
asymmetry Ameas. is
Ameas. =
Γ(D−s μ+) − Γ(D+s μ−)
Γ(D−s μ+) + Γ(D+s μ−)
=
assl
2
+
(
ap −
assl
2
) ∫ ∞
t=0 e
−Γst cos(Δmst)(t) dt∫ ∞
t=0 e
−Γst cosh ΔΓst2 (t) dt
, (7)
where (t) is the decay-time acceptance and ap is the
production asymmetry. Due to the large value of Δms,
the oscillations are rapid and the integral ratio in Eq. 7
for the case of B0s → D+s Xμ−ν is only 0.2% and is there-
fore neglected. Finally, the measured asymmetry will
be determined by evaluating the ratio
Ameas. =
N(D−s μ+) − N(D+s μ−) · (D
−
s μ
+)
(D+s μ−)
N(D−s μ+) + N(D+s μ−) · (D
−
s μ+)
(D+s μ−)
, (8)
where N(D−s μ+) and N(D+s μ−) are measured yields of
Dsμ pairs and (D−s μ+) and (D+s μ−) are the eﬃciency
corrections including trigger, tracking and muon identi-
ﬁcation eﬀects. Detector asymmetries are minimized by
reversing the spectrometer polarity on a regular basis.
From the corrected yields according to Eq. 8 and us-
ing Eq. 7, it is found that assl = (−0.24 ± 0.54 ± 0.33)%
[17]. This is in agreement with the SM prediction
assl = (1.9 ± 0.3) × 10−5 [6]. Fig. 4 shows the LHCb
measurement in the (adsl, a
s
sl) plane. In addition, the D0
dimuon asymmetry measurement that indicates a devia-
tion from the predicted SM value is shown.
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Figure 4: Measurements of semileptonic decay asymmetries. Shown
are the D0 dimuon asymmetry measurement (diagonal band) [18], the
D0 Dsμ measurement (outer horizontal band) [19], the LHCb Dsμ
measurement (inner horizontal band) as presented here [17] and the
average value of adsl from Υ(4S ) measurements (vertical band) [15].
The bands correspond to the central values ±1 standard deviation, de-
ﬁned as the quadrature of the statistical and systematic errors.
8. Triple Product Asymmetries in B0s → φ φ Decays
The last measurement presented here is a measure-
ment of the triple product asymmetries in B0s → φ φ
decays. This decay is a b→ sss penguin process. In the
SM, the value of φ′s 1 in this mode is expected to be very
close to zero due to a cancellation between the phases
arising from mixing and decay [20].
Studies of the triple product asymmetries in these de-
cays provide powerful tests for the presence of contri-
butions from processes beyond the SM [21]. Non-zero
values of triple product asymmetries can be either due
to T violation or ﬁnal-state interactions. Assuming CPT
conservation, the former case implies that CP is vio-
lated. Experimentally, the extraction of the triple prod-
uct asymmetries is straightforward and provides a mea-
sure of CP violation that does not require ﬂavour tag-
ging or a time-dependent analysis. There are two ob-
servable triple products, deﬁned as U = sin(2Φ)/2 and
V = ± sin(Φ). Here, Φ is the angle between the two φ
meson decay planes and the sign in V is chosen positive
1The notation φ′s is used here to avoid confusion with the parame-
ter φs in B0s → J/ψ φ decays. The deﬁnition is similar however as φ′s
refers to the weak phase diﬀerence measured in B0s → φ φ decays.
if the T-even quantity cos θ1 cos θ2 ≥ 0 and negative oth-
erwise, where θi is the angle between the positive kaon
and the decay axis in the φi meson rest frame. As these
quantities are products of three momentum vectors, they
are CP-odd. A measurement of signiﬁcant asymmetries,
deﬁned as AU,V = N+−N−N++N− , where N+ (N−) is the number
of events with U,V > 0 (U,V < 0), would therefore be
an unambiguous signal for the eﬀects of NP.
The triple product asymmetries in this mode are mea-
sured to be [22]
AU = −0.055 ± 0.036 (stat.) ± 0.018 (syst.) (9)
AV = 0.010 ± 0.036 (stat.) ± 0.018 (syst.) .(10)
Both values are in agreement with those reported by the
CDF collaboration [23] and with the hypothesis of CP
conservation.
9. Summary
LHCb has presented the world’s best measurement
of the weak phase φs by combining the analyses of
B0s → J/ψ φ and B0s → J/ψ π π decays. The measured
value is φs = −0.002 ± 0.083 (stat.) ± 0.027 (syst.). In
addition, LHCb measured ΔΓs = 0.116 ± 0.018 (stat.) ±
0.006 (syst.), which is the ﬁrst observation of non-zero
ΔΓs. The phase ambiguity in the φs measurement has
been resolved by ﬁtting in multiple bins of the K+K−
invariant mass and measuring the strong-phase diﬀer-
ence between orthogonally polarized P-wave and S-
wave contributions in each bin, from which it was es-
tablished that ΔΓs > 0. In order to control penguin
contributions to B0s → J/ψ φ decays, a simultaneous ﬁt
where B0s → J/ψK∗0 decays are included should be per-
formed. The ﬁrst step towards such a ﬁt is the measure-
ment of the branching ratio of B0s → J/ψK∗0 decays:
B(B0s → J/ψK∗0) = 4.42+0.46−0.44 (stat.)±0.80 (syst.)×10−5.
LHCb also performed its ﬁrst measurement of the CP-
violating asymmetry assl and found a result in agreement
with the SM: assl = (−0.24±0.54±0.33)%. Finally, triple
product asymmetries in B0s → φ φ decays were studied
and no indications of CP violation were observed.
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